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Electronic Structure of Nearly Ferromagnetic compound HfZn2
T.Jeong
Department of Physics, University of California, Davis, California 95616
The electronic structure of HfZn2 has been studied based on the density functional theory within
the local-density approximation. The calculation indicates that HfZn2 shows ferromagnetic insta-
bility. Large enhancement of the static susceptibility over its non-interacting value is found due to
a peak in the density of states at the Fermi level.
PACS numbers: 71.28.+d, 75.10.Lp, 71.18.+y, 71.20.Lp
I. INTRODUCTION
The discovery of ferromagnetic superconducting phase
of ZrZn2 has been revived both theoretical and exper-
imental attention[1]. Investigation the 5d compound
HfZn2 which has the same crystal structure (C15 cubic
Laves structure) with the ZrZn2 should be quite inter-
esting. The lattice constant of HfZn2(a=7.32A˚) is very
similar to that of ZrZn2(a=7.39 A˚). The isoelectronic
isostructural material ZrZn2 is nowadays considered a
classic example of a Stoner-Wohlfarth itinerant weak fer-
romagnet. The magnetic moments of ZrZn2 have been
reported as very small magnetic moments(values from
0.12 to 0.23 µB )[2, 3]. These do not saturate even at
magnetic fields as high as 35T. The curie temperature
Tc drops approximately linearly with pressure, starting
at 29K at P = 0 and decreasing to 4K at P = 16 kbar,
which extrapolates to a quantum critical point(QCP) at
P = 18− 20 kbar. We contend that the weak ferromag-
netism of ZrZn2 is an accidental consequence of its band
structure: apparently EF is located near a sharp maxi-
mum in the density of states. If this picture is correct,
then it should follow that the analogous 5d compound
HfZn2 which has the same crystal structure, and same
number of d-electrons, should behave similarly.
Experiments show that HfZn2 is an exchange enhanced
paramagnet [4]. Though the material does not man-
age to reach the ferromagnetic state, its susceptibility
χ(T = 0) is uniquely high among 5d systems and strongly
temperature dependent; in fact, it is about the same
as the susceptibility of the nearly ferromagnetic 4d el-
ement Pd (χ = 6.8 × 10−4emu/mol)[5]. The measured
susceptibility follows a Curie-Weiss law in the tempera-
ture range of 2K-294K. Such temperature dependence is
found in rare-earth and some 3d elements, but it is un-
usual for a 4d and 5d compound. No other compound
exhibits a Curie-Weiss susceptibility at low temperature
but only 4d compound ZrZn2 shows the temperature de-
pendence. The measured susceptibility data can be ex-
pressed as χ(T ) = χ0+
C
T−θ , and Knapp et al [4] obtained
θ = −160K and χ0 = 167 × 10
−6 emu/mole. The nega-
tive Curie-Weiss θ does not result from antiferromagnetic
order by their experiment. Such negative θ has been ob-
served in the Kondo systems, which are dilute alloys of
3d transition metals in nonmagnetic hosts. In such sys-
tems the negative θ are taken as an indication of strong
interactions between the local 3d moments and the con-
duction electrons of the hosts. When the negative θ are
observed in an alloy, the Kondo resistivity minimum is
also found. If HfZn2 is related with the local moments
like the dilute system, we can expect that HfZn2 has a
Kondo type resistence. Experiments show that the re-
sistivity data follows ρ = ρ0 + AT
3 for the temperature
range of T ≤ 40K, but no resistivity minimum occured[4].
They also measured the linear specific heat coefficient
for HfZn2 of γ=15.8 mJ/K
2 mole(formular unit). The
large zero temperature magnetic susceptibility is much
larger than that expected from the measured electronic
specific heat coefficient γ, which indicates that exchange
enhancement effects are sufficient enough to make the
system ferromagnetic.
In this work, the precise self-consistent full poten-
tial local orbital minimum basis band structure scheme
(FPLO) are employed to investigate the electronic and
magnetic properties of HfZn2 based on the density func-
tional theory. We compare the electronic structures and
magnetic properties between HfZn2 and ZrZn2. We focus
on studying the effect of magnetism on the band struc-
ture, Fermi surfaces and compare them with the experi-
mental results.
II. CRYSTAL STRUCTURE
HfZn2 has same crystal structure with ZrZn2. They
crystallize into a C15 cubic Laves lattice. The C15 (AB2
) structure is a closely packed structure and the site sym-
metry is high for the two constituents. In this structure,
Hf atoms occupy the positions of a diamond lattice while
the Zn atoms form a network of interconnected tetrahe-
dra. Since the major contributions to N(EF ) come from
Hf, the local environment of Hf atoms is particulary im-
portant for our concerns. Each Hf is surrounded by Zn
neighbours at a distance of 2.70 A˚ and Hf neighbours
2.82 A˚ away. HfZn2 structure belongs to the Fd3m space
group with Hf occupying the 8a site, and Zn the 16d site.
The site symmetry of Hf is 4¯3m and Zn has 3¯m site sym-
metry. We used experimental lattice constant (7.32A˚) for
our calculations. There are 2 formular units per cell.
2FIG. 1: The full LDA bandstructures of non-magnetic HfZn2
along symmetry lines, showing that there are several bands
with dispersion beging of primarily Hf 5d and Zn 4p characters
near the Fermi level.
III. METHOD OF CALCULATIONS
We have applied the full-potential nonorthogonal local-
orbital minimum-basis (FPLO) scheme within the local
density approximation (LDA).[6] In these scalar relativis-
tic calculations we used the exchange and correlation po-
tential of Perdew and Wang.[7] Hf 4s, 4p, 4d, 4f, 5s, 5p
states and Zn 4s, 4p were included as valence states.
All lower states were treated as core states. The in-
clusion of the relatively extended semicore states of Hf
4s, 4p, 4d, 4f, 5s, 5p and Zn 4s, 4p as band states was done
because of the considerable overlap of these states on
nearest neighbors. This overlap would be otherwise ne-
glected in our FPLO scheme. The spatial extension of the
basis orbitals, controlled by a confining potential (r/r0)
4,
was optimized to minimize the total energy. The self-
consistent potentials were carried out on a k mesh of 24
k points in each direction of the Brillouin zone, which
corresponds to 413 k points in the irreducible zone. A
careful sampling of the Brillouin zone is necessitated by
the fine structures in the density of states near Fermi
level EF .
IV. RESULTS
We first show the full LDA non-magnetic band struc-
ture of HfZn2 in the Fig. 1. The very flat Hf 4f states
lie at -11.5 eV. Another flat Zn 3d bands are located
between -8.0 eV and -6.0 eV. Above them there are Zn
4s and Hf 6s bands. Those bands near Fermi level are
FIG. 2: Top panel: The LDA non-magnetic band structure of
HfZn2 showing that the Hf 5d states play dominant roles near
the Fermi level. Bottom panel: Band structure of ZrZn2; the
Zr 4d states are important near the Fermi level.
mainly Hf-centered 5d states with hybridization of Zn 4s.
The Zn 4s states cross the Fermi level at the symmetry
point Γ with hybridization of Hf dxy, dyz and dxz states,
which make the ball-like Fermi surface(FS). Here we com-
pare the band stuructures between HfZn2 and ZrZn2 with
more details in the Fig.2. While the Zr 4d states are
important near the Fermi level (EF ) in the ZrZn2 com-
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FIG. 3: The projected density of states of HfZn2. The con-
tribution of Hf 5d and Zn 4p to the density of states
pound, the Hf 5d states play dominant roles near the
EF in HfZn2. The Zn 3d states are located around -7.0
eV in both ZrZn2 and HfZn2. Density of states (DOS)
is shown in Fig. 3. The Fermi energy falls extremely
close to the edge od a very narrow peak in the DOS. The
DOS peak arises from Hf 5d bands hybridized with Zn
4s states. The bandstructure provides explanation of the
high peaks in the density of state, in particular close to
the Fermi level. While the bands in ΓKW plane exhibit
sizable dispersion their counterparts in the LWU plane
are rather flat.
Important insight into magnetic fluctuation effects is
provided by the enhancement of the bare Pauli suscepti-
bility in a metal. We have evaluated, within the density
functional theory formalism, the Stoner enhancement of
the susceptibility
χ =
χ◦
(1− IN(EF ))
≡ Sχ◦, (1)
where χ◦ = 2µ
2
BN(EF ) is the non-interacting suscep-
tibility and S gives the electron-electron enhancement in
terms of the Stoner constant I. We have calculated I us-
ing both the Janak-Vosko-Perdew theory [8] and fixed
spin moment calculations. We obtain N(EF )I = 1.1
which indicates ferromagnetic instability. With the cal-
culated value of N(EF )=4.65 states/eV for HfZn2 , we
get the Stoner I of 0.24. The presence of a peak close
below the Fermi level suggest that a very small hole
or electron doping can drive system into ferromagnetic
regime. In our calculation the spin-orbit coupling was
neglected. In ZrZn2 case the N(EF )I = 1.022 which cor-
responds to the magnetic instability. Knapp et al. also
measured the linear specific heat coefficient for HfZn2
of γ=15.8 mJ/K2 mole(formular unit). The calculated
value of N(EF )=4.65 states/eV for HfZn2 corresponds
to a bare value γb=10.88 mJ/K
2 mole(formular unit),
which is smaller than the experimental one. In contrast
the linear specific heat coefficient for ZrZn2 is relatively
high of the value γ=47 mJ/K2 mole(formular unit).
V. DISCUSSION
Motivated by the observation of Curie-Weiss suscep-
tibility in weakly ferromagnetic metals such ZrZr2 and
Sc3In where the local moment picture is clearly inad-
equate, Moriya et al.[9, 10] developed a theory called
self consistent renormalization (SCR) theory of ferromag-
netic metals. A self-consistent treatment needs to calcu-
late dynamical susceptibility χ(q, ω) and free energy so
that the static long wavelength limit of the dynamical
susceptibility agrees with that calculated from the renor-
malized free energy. Ogawa [11] did an experiment with
the Zr1−xHfxZr2, which is consistent with the SCR fea-
tures.
Moriya and Kawabata [9] discussed the importance of
the effects of spin fluctuations on magnetic properties
of weak itinerant ferromagnets. Spin fluctuations affect
also an electrical conductivity of weak itinerant ferro-
magnets. It gives a large enhancement of the electrical
resistivity at low temperature. Mills and Lederer [12]
found out that T2 dependence of resistivity is a general
feature of a Fermi liquid in a low temperature range.
Mathon [13]discussed the temperature dependence of re-
sistivity of weak ferromagnets near their critical concen-
tration, giving a result of T5/3 dependence. Ueda and
Moriya [10] developed a theory of electrical and ther-
mal resistivities on the basis of Moriya and Kawabata’s
studies, which treated the spin fluctuation effect in a self-
consistent way and has given a good explanation of the
magnetic properties observed in weakly and nearly ferro-
magnetic metals. They give expressions to the resistivity
of weak ferromagnets not only in low and high temper-
ature limits but also in intermediate temperature region
including Tc. Their theory clearly shows that the spin
fluctuation effect is demonstrated not only in the mag-
netic properties but also in the electrical conduction of
weak itinerant ferromagnets. According to the experi-
ment by Knapp et al. the resistivity data of HfZn2 follows
the formular ρ = ρ0+AT
3 for the temperature range of T
≤ 40K where A = 1.1× 10−4µΩ cm/deg and ρ0 = 36µΩ
cm. The T 3 term is indicative of strong s−d scatter, and
this result does not follow the theory of Moriya et al.[9].
Even though we can learn the some physical properties
of HfZn2 from the results of Ogawa and Knapp’s exper-
iments, further studies are required in both experiment
and theory. For example the Curie-Weiss temperature
dependence of χ of ZrZn2 and HfZn2 shows the charac-
4teristics of localized moments behaviors. But the large
T 3 in the resistivity and magnetic behavior ZrZn2 be-
low Tc are indicative of the itinerant model. Therefore
the both model should be incorporated to explain this
phenomena.
VI. CONCLUSIONS
In this article we presented the electronic band struc-
tures of HfZn2 and compared them with the ZrZn2. In
the band structure of HfZn2, Hf 5d states play dominant
roles near the Fermi level while Zr 4d states are important
in the ZrZn2. The presence of the peak close the Fermi
level in the Density of states of HfZn2 suggests that a
very small hole or electron doping can drive system into
ferromagnetic regime. The experiments show that HfZn2
is located at the boundary between non-magnetic and
ferromagnetic ground state. Our fixed spin moment cal-
culations show that HfZn2 has the magnetic instability,
which is in agreement with the experiment. Since HfZn2
is near the boundary of a non-magnetic and ferromag-
netic state, the experiment for the phase transition from
paramagnet to ferromagnet would be very interesting.
Also the experimental investigation of the resistance be-
havior in the broad range of temperatures should be quite
interesting.
[1] C.Pfleiderer, M.Uhlarz, S.M.Hayden, R.Volmer,
H.v.Lohneysen, N.R.Bernhoeft, and G.G.Lonzarich,
Nature(London) 412, 58 (2001).
[2] G.S. Knapp, F.Y.Fradin, and H.V.Culbert J. Appl.
Phys.42, 1341 (1971).
[3] P.G.Mattocks, D.Melville, J. Phys. F: Metal Phys.8, 1291
(1978).
[4] G.S.Knapp, B.W.Veal, and H.V.Cullbert, Inter. J. Magn.
1, 93 (1971).
[5] S.Foner and E.J.McNiff, Phys. Rev. Lett. 19, 1438
(1967).
[6] K. Koepernik, and H. Eschrig, Phys. Rev. B 59,
1743 (1999); H.Eschrig, Optimized LCAO Method
and the electronic Structure of Extended Systems
(Springer,Berlin,1989).
[7] J. P. Perdew, and Y.Wang, Phys. Rev. B 45, 13244
(1992).
[8] J. F. Janak, Phys. Rev. B 16, 255 (1977); S. H. Vosko
and J. P. Perdew, Can. J. Phys. 53, 1385 (1975)
[9] T.Moriya and A. Kawabata, J. Phys. Soc. Japan 34, 639
(1973); 35, 669 (1973)
[10] K.Ueda and T.Moriya, J. Phys. Soc. Japan 39, 605
(1975)
[11] S. Ogawa, Researches of Electrotechnical Laboratory
NO. 735 (1972)
[12] D.L. Mills and P. Lederer, J.Phys. Chem. Solids 27, 1805
(1966)
[13] J.Mathon, Proc. Roy. Soc. A306, 355 (1968)
